Time-lapse gravity surveys directly detect mass changes and offer unique means for monitoring the dynamics of the subsurface. As wider application of the method is emerging, survey design and model appraisal are key steps in developing a meaningful interpretation. We first examine what the optimal station spacing should be, in theory and in inversion-based simulations given a scale-length feature. We then examine the resolving power if the data spacing has been established in order to have an appropriate model mesh.
INTRODUCTION
In recent years, there has been an emergence of 4D gravity surveys, particularly for reservoir monitoring. In such cases, it is important to set up the survey in order to gain as much information about the target as possible. In other words, one should ask the question 'what is the appropriate data spacing in order to resolve the reservoir?' We look at the theory behind this question and where the standard assumptions are no longer valid, then perform inversion-based simulations to understand how to calculate the best station spacing with a given expected noise threshold. Once data is collected (or if previously collected) it is important to set up an appropriate model space in order to recover a model that has the optimum-sized cell discretization. We investigate the resolution of models with different data spacings using a synthetic example and apply it to a field study.
THEORY Wavenumber Domain Approach
When designing a gravity survey to investigate a particular depth, the optimal data spacing can be bounded by an analysis of the decay of wavenumbers with distance from the source. Intuitively, the deeper the source, the less high-wavenumber signal can be represented at the surface. We follow a similar approach to Reid's (1980) note on aeromagnetic survey design to investigate this bounding station spacing. In the Fourier domain, the gravity field due to a point mass is given by:
whereg is the Fourier transformed field at some height h, γ is the gravitational constant, m is the mass, and ω x and ω y are the wavenumbers of the field in each respective direction.
Given the assumed infinitely small source dimension, Equation (1) essentially states that the wavenumber response very close to the source is white (all wavenumbers contain equal energy) whose amplitude is scaled only by the gravitational constant and the mass. As the obervation height increases, the higher wavenumber bands will have progressively smaller energy. By examining power as a function of the reciprocal of wavenumber (the period) on a decibel (dB) scale relative to the power near the source for some observation height, the required station spacing is immediately seen. We chose to use a 4 dB roll off as our cutoff wavenumber-any wavenumbers higher than the 4 dB roll off are considered insignificant. Therefore, to accurately represent the signal due to a point mass at the surface, we use twice that cutoff wavenumber for our station spacing to honor the Nyquist Theorem. The result is the standard rule-ofthumb; station spacing for a gravity survey should be roughly equivalent to the depth. Numerical results with the 4 dB roll off actually indicate that station spacing 8% wider than depth will accurately represent the field at the surface. However, it is important to note that this result is strictly valid only for noiseless data. In real applications, oversampling is needed to achieve a higher signal to noise ratio by redundancy. Therefore we turn to resolution analysis in the next section. Figure 1 shows the frequency response from a point source at the depth of 2500 m in terms of spatial wavelength, with 4 dB reduction in power marked. This reduction corresponds to roughly 2500 m station spacing. It is important to note however, that this analysis assumes accurate data. Oversampling can increase the signal-to-noise and improve results in numerical inversion. 
Resolution Matrix Approach
Ultimately, most time-lapse gravity data will be interpreted by using an inversion process either to recover a boundary between contrasting densities or a 3D distribution of density changes over time. Thus, the resolving capability of the data set is better evaluated based upon what one can achieve in these inversion. We focus on density inversion in this study, but the same methodology applies to boundary inversion.
Resolution matrix provides an effective means in appraising inverse models and, therefore, can aid in the design of acquisition parameters based on a desired resolving capability of a recovered model through inversion (e.g. Kirkendall, 2007) . Since the model discretization use in the inversion acts as an implicit regulariation factor and affect the recovered model, the resolution matrix can also aid in the design of the mesh for inversion for a given data set. The resolution matrix is a M x M matrix where M is the number of cells in the model. The resolution matrix relates the recovered model and true model and by
where ρ R is the recovered model, ρ T is the true model, ∆ ρ n is a noise term, and R is the resolution matrix. Each column of the matrix is a point spread function and shows how the impulse of a single parameter in the true model spreads out into other parameters.
If the inversion of gravity data for a density model is formulated through the Tikohonov regularization (Tikhonov and Arsenin, 1977) without further constraints, and the recovered model is given by
where ρ R is the recovered model, W m and W d are model and data weighting matrices, respectively, λ is the Tikhonov parameter, G is the sensitivity matrix, and d obs is the observed data. The corresponding resolution matrix is
Each column of a resolution matrix is a classical point spread function (PSF) that quantifies how a confined density anomaly such as an impulse in the true density model would spread to adjacent areas in the recovered model. Examining PSF enables us to understand the resolution capability of time-lapse gravity through the inverse model used in interpretation. In general, the model weighting matrix is designed to penalize undesired model structure corresponding to data noise through the use of smoothing terms. A greater regularization parameter leads to smoother model and therefore lower resolving capability. The value of the regularization parameter is dependent upon the level of noise in the data. Higher noise level require stronger regularization and therefore greater regularization parameter. Therefore, different noise levels influence the resolution matrix primarily through the Tikhonov parameter.
We note that Eq. (3) applies to unconstrained inversion. In our study, we employ an inversion algorithm (Li and Oldenburg, 1998 ) which also incorporates lower and upper bounds on the density contrast. As a result, the problem is no longer strictly linear and we do not have a closed form solution for resolution matrix as shown in Eq. (4). Instead, we numerically generate the resolution matrix column by column. Readers are referred to Kirkendall, 2007 for details, but the basic process is a two-stage process. First, we carry out the inversion of the observed data and establish the optimal regularization parameter. We can use the same inverse operator, defined by the combination of same data and model weighting matrices, sensitivity matrix, and regularization parameter, to invert synthetic data generated by a model consists of an impulse perturbation in a single cell within the model mesh. The recovered model from this inversion yields one column corresponding to that cell in the resolution matrix. . Modeling the mesh with the observation locations, then inverting with the expected or known noise level will recover the point spread function desired and will give the precision of one cell. Bounding the inversion between 0.0 and 1.0 g/cm 3 is necessary. The authors would like to note that it is important not to confuse the variance and resolution matrices and that we are only examining the resolution matrix. The variance matrix examines how the noise in the data is mapped out within the model rather than how precise the model is because of the survey and mesh design geometry.
Using this technique, one can examine the spread for the model to gain confidence in features that are larger than the spread. One can design the survey station spacing based on a desired cell width and the point at which the resolution of a single cell abruptly spreads more. This jump in resolution will aid in finding the most economical station spacing with the resolution for modeling after data collection.
INVERSION-BASED SIMULATIONS

Station spacing
To perform synthetic studies, we created a model at 2500 m of depth with a density contrast of 0.05 g/cm 3 and station spacing similar to thats used by Hare et al. (1999) . The model emulates the general dimensions of the Prudhoe Bay study (Ferguson et al., 2007) . It is used to simulate synthetic gravity anomalies from water injection into a 150 m thick reservoir at that depth. The noise level is set to 5 µGal. The theoretical upper limit for data spacing should be about 2500 m, but this is clearly to wide given the weak signal strength. Therefore, we carry out inversion-based simulations to determine the required station spacing. We also examine what the precision of the model would be with the determined station spacing compared to what has been used in the field. We use a model mesh with 250 m by 250 m cell widths, we start with a 50 m gridded station spacing and increase by an increment of 50 m up to a 1000 m station spacing. For each station spacing, a base inversion of data generated from the synthetic model is first carried out to obtained the inverse operator. We then invert the data from an impulse model to generate the PSF. Analysis of this sequence of inversion yields the optimum station spacing under the condition that we interpret the data using a 250 m cell width. To quantify the spread, or resolution, of the recovered model, we calculate the radius from peak amplitude to where the recovered model has 95% of the mass. Figure 4 shows the station spacing versus radius of the spatial resolution of the model. The tightest resolution that can be obtained is a 1400-m radius. Intuitively, the resolution should decreases the station spacing increases. This is borne out in the simulation. With a station spacing of 400 m, the radius of the resolution is approximately 2100 m. It is interesting to note that the resolution radius increases by only two cells (˜500 m )with 650 m or 700 m station spacing as compared to 400 m station spacing. Depending on one's desired resolution, this could cut the cost of acquisition in almost half. 
Model discretization
The preceding study focused on a fixed model discretization level with a cell width of 250 m and evenly spaced data. We go back to our synthetic dataset with a 5 µGal noise level and use a set of realistic data locations (based on Hare et al., 1999) and synthetic data that are shown in Figure 3 . We start with inverting the data with a 250-m cell width. Again, we first invert the data, we perform the resolution analysis, and calculate the radius of the resolution. The radius is then normalized by the cell width in order to see the number of cells it takes to recover 95% of the true mass. The cell widths are increased by 50 m and the resolution study is performed again. This is repeated to a 1000-m cell width and the results are shown in Figure 5 .
We can see that the number of cells to capture 95%mass decreases as the cell widths increase. Using 600 m cell widths, radius of the resolution is approximately 5 cell widths or 3000 m. One could use 500 m cells and still have a resolution of 5 cell widths or 2500 m. It is interesting to note, however, that if one used 450 m cell widths, the resolution would be approximately 7 cell widths or 3200 m and would not be as optimal as either the 500 m or 600 m cell widths. 
CONCLUSIONS
As the range of applications for time lapse gravity method continues to grow, an understanding of the practical aspects of survey design and model appraisal associated with these valuable data must likewise be gained. We show through wavenumber domain analysis that prior information on target depth provides valuable information on efficient survey design prior to field collections. We also show that analysis through resolution matrices provides an effective means in appraising recovered 4D inverse models and, therefore, can aid in the design of acquisition and model parameters.
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